Emery-Dreifuss muscular dystrophy (EDMD) is caused by mutations in the EMD gene on the X chromosome, which codes for emerin, an inner nuclear membrane protein. Monoclonal antibodies against the Nterminus of emerin protein are used to screen for emerin deficiency in clinical practice. However, these tests may not accurately reflect the disease in some cases. We herein describe the identification of a splice site mutation in the EMD gene in a Japanese patient who suffered from complete atrioventricular conduction block, mild muscle weakness and joint contracture, and a persistently elevated serum creatine kinase level. We used multiple antibodies to confirm the presence of a novel truncating mutation in emerin without the transmembrane region and C-terminus in the skeletal muscle.
Introduction
Emery-Dreifuss muscular dystrophy (EDMD) is characterized by early contractures of the elbow, neck, and Achilles tendons; slowly progressive skeletal muscle wasting in the upper arms and lower legs (humeroperoneal); and cardiomyopathy associated with conduction defects (1) . The most serious aspect of EDMD is cardiac involvement, which usually becomes evident as muscle weakness progresses, but it may occur before there is any significant skeletal muscle involvement. EDMD is caused by mutations in different genes; including those in the EMD gene, encoding emerin, and causing X-linked EDMD (2) ; mutations in the LMNA gene, which encodes lamins A and C, and causes autosomal dominant EDMD (3) and a very rare autosomal recessive EDMD (4) .
Monoclonal antibodies against the N-terminus of emerin, including Novocastra TM Lyophilized Mouse Monoclonal Antibody Emerin (NCL-emerin), have been used to screen emerin deficiency in clinical practice. In general, previous studies only used one kind of antibody in western blot or immunocytochemistry tests to evaluate emerin expression. Most of the mutations (86%) affecting males result in a complete absence of emerin (5); however, the corresponding genotypes were different, indicating that pathological assessments using a single antibody could not accurately reflect patients' diverse genetic information. We herein describe the case of a patient with typical complete atrioventricular conduction block along with mild muscle weakness and joint contracture. We identified a previously reported splice acceptor site mutation in EMD, but the original symptoms and clinical severity of our case are different from those of the previous patient with this mutation (6) . Furthermore, immunohistochemistry using three antibodies against different emerin domains revealed a distinct partial deficiency of emerin in the nuclei of the skeletal muscle fibers. 
Case Report
A 22-year-old male with normal growth and development was referred to our hospital with a complaint of chest discomfort at the age of 19 years. He had a complete atrioventricular conduction block (heart rate, 38/min), and his serum creatine kinase (CK) was elevated to 3,000 IU/mL (normal range 45-163 IU/mL). A chest X-ray and echocardiography (ECG) revealed no cardiomegaly. His symptoms gradually worsened, and symptoms of dizziness appeared due to bradycardia. The R-R interval of the ECG was extended to 9.2 s. Six months after the initial diagnosis, the patient was implanted with a permanent pacemaker. A sample of the left ventricular myocardium was obtained during cardiac catheterization, and histochemical staining revealed mild myocardial interstitial fibrosis without fiber disarray, fibril deposition, or myocardial injury (Fig. 1A) . No abnormalities were detected in the respiratory function tests. Although he had suffered from diplopia and strabismus several years earlier, a neurological examination on admission showed normal ocular movement. His cognition, coordination, and facial muscle strength were also normal. The patient's neck flexion was slightly weak and was limited due to mild neck contracture. There was no scoliosis or contracture of any other joints in the extremities. His extremities showed no significant muscle weakness, atrophy, or sensory disturbances. Serum CK fluctuated between 1,600 IU/mL and 3,000 IU/mL.
Other routine serologic evaluations and tests for serum autoantibodies revealed no abnormalities. Using electromyography, short-duration and some unstable polyphasic motor unit potentials were detected in the right biceps brachii, but no abnormality was found in the muscles of the lower extremities. A whole-body computed tomography (CT) scan revealed low-density areas and atrophic changes in the cervical and lumbar paraspinal muscles and the left gastrocnemius (Fig. 1B, C, D) .
His 48-year-old mother suffered from a first-degree atrioventricular conduction block along with paroxysmal atrial fibrillation, and was treated with warfarin. In addition, unspecified abnormal ECGs were observed when his 24-year-old twin elder sisters were screened, but no abnormalities could be detected in the workup. Periodic health examinations were advised for all three of his family members. Muscle CT examination was not performed in these probable female carriers.
The study protocol was reviewed and approved by the Institutional Review Board of Kagoshima University. The patient provided his written, informed consent to participate in this study.
Pathological studies
A skeletal muscle sample was obtained from the biceps brachii, but no skin sample was collected. Histochemical staining revealed mild variations in fiber diameter, a few degenerating or regenerating fibers, a slight increase in the Immunohistochemical stains were performed manually with a 1:50 dilution of NCL-Emerin (Novocastra, Leica Microsystems, Newcastle Upon Tyne, UK), H-12 (Santa Cruz Biotechnology, Santa Cruz, USA) monoclonal antibodies for the N-terminus of emerin, and a 1:20 dilution of C-20 affinity purified polyclonal antibody for the C-terminus of emerin (Santa Cruz Biotechnology). A skeletal muscle specimen from an unrelated 39-year-old male with typical Xlinked EDMD was used as a disease control. The three antibodies detected emerin expression on the nuclei of the skeletal muscle in the healthy control subject. In our patient, emerin expression was significantly decreased as detected by NCL-Emerin and H-12 labeling, and it was completely absent with C-20 labeling. In the disease control specimen, nuclear staining was absent with all three antibodies against emerin (Fig. 2) . In western blot analyses using the three antibodies, we could not detect any clear bands in the patient's samples, and this was probably due to the low expression of protein or detection sensitivity of western blot (data not shown).
Genetic studies
Genomic DNA was extracted from the patient's blood lymphocytes. We were not able to obtain consent for genetic analysis from his three family members or the disease control patient. Using the Primer3 (v. 0.4.0) online program (http://frodo.wi.mit.edu/), we designed oligonucleotide primers flanking the six exons and intron-exon junctions in the EMD gene. After hot-start polymerase chain reaction (PCR) amplification, the products were sequenced by dyeterminator chemistry using an ABI3010 sequencer (Applied Biosystems, Foster City, USA). A splice acceptor site mutation located at the second nucleotide before exon six (c.450-2A>G) of EMD was identified. This created a new restriction site for AvaI. Using the forward (5'-CTCGCCCTGACT CTCTTCTG-3') and reverse (5'-CTAAGGCAGTCAGCCAG GAC-3') primers, a 533-bp PCR product covering this mutation was amplified and was divided into 385 bp and 148 bp fragments (Fig. 3A, B) . This mutation was not detected in 100 Japanese control chromosomes, and we did not find the c.450-2A>G mutation in the 1,000 Genomes database that catalogs human genetic variations in 2,500 samples, including 500 East Asian (100 Japanese) samples (http:// 
brower.1000genomes.org).
Total RNA was isolated and purified from the biopsied skeletal muscle specimen using a RecoverAll TM Total Nucleic Acid Isolation Kit (Ambion, Austin, USA). Complementary DNA (cDNA) was generated by reverse transcription PCR (RT-PCR) of the isolated RNA (1 μg) using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the manufacturer's instructions. The cDNA was subsequently amplified with the forward (5'-ACCAGAGCAAGGGCTACAATGACG-3') and reverse primers (5'-GGTGGCCTTTGGTTAATCCCCTC-3') using KOD FX (Toyobo, Osaka, Japan). No band was detected at the expected position of the full-length emerin transcript, and a unique shorter band was extracted from the gel (QIAquick Gel Extraction Kit, Qiagen, Venlo, Netherlands) and sequenced. The first 65 nucleotides in exon six were found to be absent, and the reading frame was shifted. The protein was changed because the frame was shifted from position 150 to a premature stop codon at 187 (p.Arg150fs), producing a truncated emerin protein lacking the transmembrane region and C-terminal tail (Fig. 3C, D) .
Discussion
We studied the clinical, pathological, and genetic features of a Japanese patient with X-linked EDMD. We observed a partial deficiency of emerin in the skeletal muscle with severe arrhythmia and continuous serum CK elevation, but he only exhibited slight muscular involvement and mild joint contracture. A splice acceptor site mutation, c.450-2A>G (p.Arg150fs), was identified in the EMD gene of this patient.
The EMD gene on chromosome Xq28 contains six exons and encodes an emerin protein with 254 amino acids. Emerin consists of a large hydrophilic nucleoplasmic domain (residues 1-222), a transmembrane region (residues 223-243), and a short C-terminal tail (residues 244-254) (7). It is a ubiquitously expressed protein located at the inner nuclear membrane of most cells in the body with the highest mRNA expression in skeletal and cardiac muscle, and it has been proposed to have functions in gene expression, RNA processing, cell signaling, and chromatin dynamics (2, 8) .
The 22-year-old patient in this study suffered a complete atrioventricular conduction block, and a permanent pacemaker was implanted to prevent lethal cardiac arrest. His mother and sisters were also affected with arrhythmia, but they did not show evidence of skeletal muscle abnormalities. Previous reports have documented that such symptomatic female carriers have very low emerin levels (<5% of normal) due to skewed X-inactivation (9) . A pathological study of cardiac muscle performed by local doctors revealed nonspecific mild interstitial fibrosis. Slight muscular involvement was observed during both the clinical and imaging examinations. The cause of this proband was unclear until his persistent high CK level was noticed and cardioskeletal myopathy suspected, at which point a skeletal muscle specimen was obtained.
The histochemical pathology of the skeletal muscle indicated fiber size variation with scattered internalized nuclei. An immunohistochemical study with the NCL-Emerin monoclonal antibody targeted to 220 amino acids near the Nterminus of emerin revealed a significant reduction of nuclear emerin, and a diagnosis of X-linked EDMD was made. After direct sequencing of the EMD gene, an A>G transversion at 1,644 (c.450-2A>G) was observed, which should eliminate the splice acceptor site before exon six. In order to identify the candidate acceptor site, we performed RT-PCR using mRNA extracted from the patient's frozen skeletal muscle tissue. A truncated transcript with 187 residues generated by aberrant splicing was detected. The new AG splice acceptor site, which occurs 65 bp after the wild-type site in the EMD, shifted the frame from position 150 to a premature stop codon at position 187. Most of the truncated emerin lacked the transmembrane segment and the Cterminal tail, thus suggesting that it might fail to target the endoplasmic reticulum and would thus be rapidly degraded (10) . Interestingly, this c.450-2A>G splice site mutation was reported in another unrelated patient in Japan in 1999 (6) . The initial symptom of the first patient was neck contracture, but our patient initially experienced cardiac involvement. In fact, immunostaining and immunoblotting studies performed in the previous patient revealed the absence of emerin and a premature stop codon generated at residue 235. The differences between these two patients with same mutation suggest that there could be other potential mechanisms involved in protein expression and mRNA splicing.
In an additional immunohistochemical study, we employed two additional emerin-targeted antibodies, H-12 (targets residues 3 to 254) and C-20 (targets a peptide near the C-terminus). In the present patient, emerin expression was detected by H-12 staining (but at a much lower level than normal) but not by C-20 staining. In this case, a skin sample could have been helpful in further verifying the status of emerin. We concluded that the truncated emerin in the present patient could react with antibodies targeting a peptide near the N-terminus (NCL-Emerin and H-12) at much lower levels, but it could not bind the antibody targeted to the Cterminus (C-20). In addition, the nucleoplasm showed stronger staining than the cytoplasm, but this was not as strong as that observed at the nuclear edge, thus indicating that emerin may have been expressed in the nucleoplasm. An immunoelectron microscopy study might be more reliable for identifying emerin expression. The reason why the mutated version of emerin without the transmembrane segment was detectable on the nuclei requires further research.
According to the UMD-EMD mutations database (http:// www.umd.be/EMD/), 94 different mutations of the EMD gene have been reported in 298 records, and 15 of these are splice site mutations (15.96%). It is notable that some other X-linked EDMD patients with truncated emerin longer than 187 amino acids presented with complete absences of emerin as detected with the NCL-Emerin antibody from the same company (11) (12) (13) . To evaluate the emerin protein expression, it would be more reliable to use various antibodies targeted to different domains. An antibody targeting the Cterminus could therefore be useful for detecting truncated emerin, which accounts for most EMD mutations.
Mutations in emerin can cause different phenotypes, even within the same family. In patients with distal premature stop codons, which do not evoke a nonsense-mediated decay mechanism, the phenotypes present as a typical triad (6, (12) (13) (14) (15) (16) or cardiac phenotype (11, 17) . Rare cases of a reduction in emerin due to a missense mutation may have a milder phenotype (18) . The cardiac muscle is supposed to be less tolerant of emerin deficiency than the skeletal muscle (19) . A lack of or decrease in emerin levels in the heart may alter electrical resistance and cardiomyocyte adhesion, which could lead to conduction delay or block (17) . Emerinopathy also includes a limb-girdle muscular dystrophy phenotype (20, 21) . In the present case with partial emerin deficiency, although a complete atrioventricular conduction block was observed, there was only slight muscle weakness and joint contracture. The truncated protein remaining in the nucleoplasm may have contributed to the relatively benign phenotype, especially in the skeletal muscle.
In conclusion, we identified a splice site mutation before the last exon of EMD in an X-linked EDMD patient, and he showed evidence of a truncated protein at both pathological and genetic levels. We detected partial expression of a truncated emerin protein without the transmembrane region and C-terminal domain by immunohistochemical staining with antibodies against different emerin domains. We recommend the use of multiple antibodies that bind different emerin domains in order to obtain a comprehensive view of the protein. The anti-emerin antibody C-20 may be useful for detecting the absence of the C-terminus. Our findings also suggest that all young patients with significant cardiac conduction defects of unknown etiology be assessed to exclude the presence of EDMD, even if they have either no skeletal muscle or only slight skeletal muscle or joint involvement.
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